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.!nalyses  of ul)litlk  and clo~vnlirlk  data from rwccllt  free-spac[ ol)tical  ((}trlr[ltllli[:ltit)rls expelirriellts  c,~[tic’cl  ol]t bctw(’1]
g’ab]c \Icrurltain  Fii~ility  (near Pasa(ielm,  C.%)  a r i d  tllc Ja[w](w’ l; ’1’S-J”I  S:lrellirt  :Ir(  ~Jlewlit[d.  F’lucttlfitiorls  irl
signal po~ver  collected by the satellite’s laser colnrnullicatioll  ex[)crittlerlt (1,(:11)  dilc to atlliosl)lle~ic scintillation atld
its amelioration using multiple uplink bearlls ate analyzed arid  mr[ll)arc(l  to (’x~)~’lir[lerltal  dtita. I)(J\vrllillk  data !vas
analyzed to cfetern[ine  the callse  of a large!-  tllarl  expected vali:ltiorl  irl sig[lal sttc[~g[ll. II] s~,itc of tile difficulty ill
cleconvolvirlg  atrrlospheric  effects fxc)m poirlting errors arid spacecraft vib]  at icjli, exl~t’rirll[’lltal  dati~  Cleat”ly  indicate
significant improvement in signal reception on the uplink  ~vith multiple t~cal~ls, afl[l  the  I)CCY1  f(~l stable  ])ointi[lg t o
establish high data rate optical comrnunicatio~ls.
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1 .  IN’TRODUC;TION

An optical corllltltlrlicatiol-l  link between an Earth-orbitirlg  satellite arid  a gl ~)llli(l  l)ascd receiver in~’olvcs  ~)roim~atiorl
of laser beam through the atmosphere. Spatial and tcrnporal variatiorls ill tl](’  irldcx  of lcflacti[,r,  of tllc  ail that
forrrls  the atrnosphet-e  severely degrade the quality of the t)ea[[l.  l’hesc  val  iatiolls. ty[)ically  lastirlg ill  the oIcler of
one t}lousandth  of a second at optical and lLear  11{ f! eqllerlcie~l irl ind(’x of reflactiol)  Icstllt irl IaIId OlII cl IaII~w irl
the amplitude and phase of the arriving wave. 2’IIc arn~)litude  slid I)llase  flllct~l:itir)]ls  Itlarlif(st tllcrnsrllw  ill eff(’fts
SUCIL as scintillation}, beam broadening and  tw{r[}  nlotiorl  01 }varl(lcr. Scirltill;Ltiorl  ctill be ttlollgtlt  of as ilitclfclcrlc(’
betuwn partial ~va.ves  propagating through differer,t  ~mtlls  (or ttrr  l)ulcltt  (cIIs), \vhicll  r[+lllt  irl fa(lcs ((lc>tr  ucri~(
illterference)  or su[ges (construct ive  inte[fercrlce)  at the rc,(civer. Ilca III rllotiorl, J)lil IliLlilj’  011  tl)e u~)lir~k,  car!  oftcrl
be considered as atmospheric-induced jitter irl I)ointing of tlie laser t)earll.  SIICII  IIiorioll  of llario~v  tmarlls  earl camw,
cleep fades in the sig  I1al  clue to the (laussiall  rlature of th(> sl)at ial  l)ea  III [J!ofilc. I)cc,l) fa(lcs calisin~ signal  105> 01

stroll,g  surges causirlg  saturatiorl  of the quacl-dc,  tectot  can force, loss c)f tl ack oil t}lc u[)lirlk. }vitli  ttle  exce~)tioll  o f
heavy cloud cover, atlnospheric  scintillatiorl  is usually tile lirtlitirlg  factol ill arl o~)tical Ii Ilk. I’01 clmvl~lillk,  Iioirevti,
the large size of the receive aperture ty[)ically  compensates for scilltillatiotl  I)y alel  a:irlg  over  fades and suIgcs.

In addition to atmospheric-induced signal variations there are ottlel variatiolls  irl signal caused by spacecl  aft
vibration, tracking error and pointing jitter. These errors deperlcl  largely orl tile ctlaracteristics  of the ol)tical  comm-
unications  system both on the satellite and ground, \\Tithout  a cletailed undel standing an(l  (:ll:ilacterizati  oll of tile
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optic:tl  system, it is il!lpossible  to identify tilt> st:itistical  pro}wrtics  of atr[los[~ll[[ic  eff’wts. .Assul)lirlg  that tlles(  atlllc)-
spllcric  effects arc !Vell  descl-ibed  by cxistilig  lllo(lcls, tile (Ii fferellcc I)etww>]l  cxl]{’~illl(,tltal arid  ~]rctli(tecl  ~)e If OIlllitTl(’C
is thell prixnarily  due to tile optical corrlrllLIIlictltioll  systcr[l itself.

In tilis paper \uc use data from the Iecelit  (;roulld/Orbitct  Lascrcollll{l  I)t’llioll~tr:\tic~Il  (G OLI))  expe[itoellts  to
study the atrllospllerc-irlducecl fluctuatiotls  in signal  power hotll on u~)link arid  do)vnlirlk.  Tile  experiment’s objective
tvas to establish an optical colnmunication  link at 1.024 Mb[N  t,ctwmrl t}w IMeI-  Comlllunication  Experiment (LCE)
onboarct  the  Japanese  FXS-171 satellite alld the Table Nlo[lntain Facility  (rI’\II;  ) IIeat tlic  .Jct  P r o p u l s i o n  L a b o r a t o r y

(JPL).  The link ~vas  established by first transmitting a beacon fro~n TLIF’ to EI’S-V1  using a priori knowledge of the
satellite’s orbit. The  beacon was subsequently accluired  a[ld tr ackecl  by tile ICE package 011 t}~e satellite. Once the
tracking loop \vas  activated on the LCE, the orlboard laser was turned on and its heal!]  Isas pc)inted  to the ground
statioll  for dcnvnlillk.  The do~vn]ink  beam ~vas  then detected  tly the leccivcr at 1’MF  to colrllJlete  tile link. orIce
the lirlk  \vas  es tabl ished,  both the  dow~]]ink  ]ast’r arlcl  uIJirlk  l)eacoII  co~ild  l)P modulatt  I(] for trall$l[lission of data
A ~(ld  descri~)tioti  of the GOLD  experiments, details o]] the IC~; ca!~ , arid  results of Otllel  O[)tica}  coltllrltl[lic:iticjrls
expeli~nents carlied  out \vittl the I.CF;  can tJe found  irl I{cf~’lericcs  [I- -I]. (Jill  focus ill this [);~l)(~l is IIIOre  011 tile si:!lal

f l u c t u a t i o n s ,  Lotll 011  uplillk :Lnd dmvrllink,  a n d  less CJII  ttlr cor]ll[l(lrliciltioll”  ilSI)[}(’tS  of t!lc  lilll:.

l’he  remindcl  of the pal)er  is clivicfed  p] iloari]y il]t[) t}v{)  I,af ts: Swtioll 2 ~](:ils  !vittl  u])lillk lvliile  Swtiorl 3 {It’als
w i t h  tile dov.’tlli1lk.  F’or  the Ill}link. \ve Ix’gill ill sectiorl ‘2.1 lritl~ a t)li~’f  stll[lfli:it  y of tllc’  ttl(wr}  that desclilles  I)t’ttl[l
j)rwpag,ation  through free-sl~acc, atrllos})heri(  s[illtillatiotl  arid  ~ffccts of IIlllltil)lc  ui)litlk  I)f’allls.  Section ‘2.2  pl-o\i(les
the specifics of the experimetlts  and a ty~)ical  li~l!i  budget fo~ tllc u~)lirik.  I’})c  exlJclirnelltal  uplit!k clata  is presclited
and conlpared to tlicoly  in Section 2.3. F’or  the do~vnlink,  ~ve disruss the ~)!ol)i~bility  disttit)lltion  dlle to point  it~gjitt(r
in sectior}  3.1. .4 typical  l ink buclget for do~vrllink  is presc’lited  ill S(!ctioll  3.2 a[ld the corlesl)ollcling  expe[inlc’llta[
results are prmentecl irl Section 3.3.

2 .  UPI,INK

2 . 1 .  T h e o r y

Consider a Conlrnunicatic)n  channel bet}vecrl  a ground station ancl  an orbit irlg  satellite that is s~]ecific  to GOLD as
sholvll  in Figule  1. A detailed cliscussion  of the irlflucnce of tile attnospliele  ori tile statistics of the ctlannei  durirlg
beacon ttplink  follotvs.

\\’e  can consider the pow’er,  ~’~t,  received by the photodetector on tllc  satellite  to be tile ploduct of three quantities:
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~vhere  PO is the powx’r  rmeil’ed irl the  abserim of a tur bulertr  atlnos~jl]rl(’. I  is a rarldoro  vari<~ljlc  Jvitll  a \Jtt:i-
distribotiorl  caused b~ atmospheric  al)d  Imintirlg  jitter, and S’ i s  typica l ly  a  Iog-norrnal rarldol Il varial)le dllr to
sci]ltillation.  ‘he rrlaxirnum  receivable pouw, 16 at the satellite was  assurtled  to have  zero varia[lcc. Thus fluctuations
due to the laser and detector noise are assumed to he negligible compal  CICI  to scirltillatioll  ar~d  hca]n jitt<’r.  Irl tile
follo}vir~g  sectior~s,  the major contributions to the observed statistics of the received potver or) the upiirik  are describr(l.

2.1.1. Free-space propagation

For an opt ical  trallslllitter  Jvith contirluolls  !t’a~’c  (CJV)  lasrr  j~o~vcr  of 1’7 \\”atts, tllv polvcr  lrccivrd I)y tll(’  (Ictect{)l
orlhoarcl  tllc  satrllitc  irl the :i}~serlce  of a tmospheric  tutt)ult’rlcc is l)rirrlarily  golrtncd  I)v f[cc-sl>:lce-  j>t-o[~:lg:ltiorl  lo~s
a r i d  optiral  al)sOIJ)rioll  ari(l is givcrl  })y:

P “  = l/GIG  f(l.<l’l (1]

(’i)

2 . 1 . 2 .  IJig}lt  Wzive Propagatioll  in T u r b u l e n t  and  RatldoIn  Lledia

(3)

ivhclc  h is tllc a l t i t u d e  i n  k~o s h o v e  ~l~rarl  sc:~ level.  I’}w corlstarlts .-1,  11. C’, D,  E al]d F are defirled  for thr~x,
dift’ertllt  rallgcs  of altitude aud listed irl C}ialjter  2 c)f ltcf.  [S]. host q~larltitirs  of irltctest  such as the scirltillatiorl
variarlcr are Usuallj.  (Lxprcssf’(1  as Ivrightr(l  ititc~tals  of ttlc illdrx of ~cfractlotl strrlct~lrc (:otlstar~t, as desclit)cd  t)rl(~lv.
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lvll(’lc  1,)1  == –  (7j /2 i s  tile 111(’:111  of t}tc ICjg-ilr;icliilrlc(’  (list! il)lltiorl. 1’11(’ (lllillltit~ .$. l)l~ili;, a  II(![r[l:llize(l  (Ilr:lrltits.  II:i>
a 111 C’atl  O f  ] l-fl~’  ~’tlfi:lll(’~’  (If t}l(’  ]O,e, -it Iil([iall  (’(’  k (i(’t  ( ’ l  I[li[l  (’(1 frorll  t}l{, ![lll,,i(irl~, lvci~ilt[(l  illt(p,[iil  of [IL( illtl[x  (If
t’~flil~ti[)tl  str~l(cllr(’  (onstar~t  [12.13]:

I
.x

(3’: = ~.~.l~~/fi(sc(#)li/t; (’,; (h)}l-’j(’(lh (6)
/,,,

a“: = C’X}l fr;~ 1 (i-). . . .
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1’]lC  a(IVC1sC  effC(”t  O f  SCilltill:\tiCJIl  Call  t)(’ 1(’(ill[”f’d  t~}”  tllc IIw’ of lllll)til~)(’  Il[,]illk  t) f>iil[lS, Cacll  iri(oil(rf,tlt  ;yitll tilt,  I(+[

aIid  Sepalatd  b}’ a distartce  l:ll’g Cr t}lall tllc  at JJl(lS[)~l(’li(”  (0111’1(’IIC(’  dii~lll[’t(’[ r,I. l’ll:lt i s .  <’iiCll  t)(illll  [)l(~(lllccs  its

o\vrL  itldcIwndcr]t  sI)ccklc  lmttcrr~  arid  tll(, [1(, t(, (t(J1 5111115  Ov(,l  fii(l(}S ~11(1  S1ll :,(,> f[olfl till,  (Iiff(,r(,tlt  I)(!:II115.  FOl  Sll(’11  it

case,  the signal  alriviug  at  th(’ (Ictwtol is tilt’  Sllrll  C)f  ttlc sig[l:~l  ftO1ll  CilCll  Ill)lillli  I)(:il[l \vilil  ill(l([)eIlclt”ll  t-i(l(llti(-illl\-

distxil)utd  (111)) statistics. “J’tlilt  is

,~ = & .?,, (!))
,, I

lV~lC’r’(1  ~}’ iS ttlf?  II(IrlltJCL  Of iIld C~X!Ild  CIlt tJC<lll15, i{ll(] ttl(,  IiLll(l Olll v;~tiilt)los  .$ ,, alt, lo~-liolrtially  distrit)tltcd.  \J”c a>slllll(:
t h a t  t h e  t o t s ]  upli]lk  pOJvCr  Iclnairls  C()[lhtitllt  and tlllls cacli t)ealli, .$,,, hil S l/s[}l  o f  t}l~ total ~JO\V(>I.  ~1(,111 [11~

pro~wtties of SLIIIIS  of 111)  ratldoxrl  vatia~)]cs.  lKC fiIId  t h a t  S is a convolution  of !~ ]o:-ILot  IIIal  ([istributiolls  .4tu\lytic
exprwsions  fO1 t}le corlvolutiorl of Iog-notlnal  f(illctio]ls al c Unavailat)lc,  i~ll(l  thlls IYC rcs(lI t  to rlut[te[  ical  tcchniqll(i
usirg  ctlaracteristic  functiolls  and Fast-  I’oul ic[-1’rarlsfolllls  (1’1’’1’).  .Yot(” t}tat  fo[ large !Y, a(cor~lillg to ttlc cc]itlal
limit thCJIC’111  (CL’T),  ttie distribution of S a~)~jrmcllcs  a Gal]ssial~.

T o  illustrate  the bC’11(’fitS  of laut~chitlf,  ~ntiltiI)]c  bcaIIIs dIIt  ill: tl~)]irlk,  Me C} IOOSC, as arl exa Inl)le, a Incarl  of 10/.Y
and  log-variance of 0.4 for each Sr~.  Figure  2 SIIOUS  t}le cxjmctcd  I)L)I; \Yllcrt  total lascl ])ouwr  is equally ttistribllrcd
iri  ortc, t~~”o. four. eight 01 sixteen bcarl].  s. Scvt, ] :il  fcatllrcs  arc UW1 tl~ rlotill~.  I’ilst, tlic  rllearls  for all tllc (Iisttilllltif)rls
arc  tlie MIIIC.  ScmrId,  tllc  l o c a t i o n  o f  the ~)f’itk of tllc r)r)~ a~)~)lo;i(tics  t}l(,  r[lcatl  of .$ \Yllcn  1~  is iricreawd.  Firlal[y,
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Link Range
Data rale

3 8 0 0 0  k m
1 0 2 4 . 0  kbps L3nary  P P M  o r  M a n c h e s t e r

lr.lnsmittcr  (Thll;)
I,awr  (,\rgon-ion)

Peak pov~er
Average power 660 w
Wa.e:eng!h 5 1 4 5 0  m

Energy per pulse 6 4 4 5 3 1  nJ

I’clcw)pc  (’t’kIt-’ 24-ir)ch)
Gam
1 ransmd  beamwdth

Telescope opncal losses

Spw’  10ss

.AtnlOsphcre
Transmission
lransmss,cm  at Zemltl

Obsewal,  o~ angle  from zer

Tcllwpc  (ICI; 011  I:’I’s-VI)
Gain
Aperture d,ameler

O t h e r  l o s s e s

13.20 W 4121 d[hn

2 42E+I0
30 .00  y,.d

0.75

Channel

1.16E-30

0,49
60.00 0.

45.00 degrees

Receiver  (G}JC))

21 OE+I1 1 1 3 , 2 2  dE?
7.50 c“,

0.15 - 8 . 2 4  dB

10383 dU

-1.25 df~

- 2 9 9 . 3 5  df)

-3.1’1 Ci[l

Power received at detector 4.24 nW -53.73 dBm
Required power at detector 0.63 nW -62.01 dBm
Link margin 6.73 8 . 2 8  dB
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2.4. Experimental I)ata ancl Analysis

F’igulc  -1 slloivs the 1’DF  of the signal irl E’igure 3  for a foul-t)carll ll~~lirlti. Sirl(x  r~() exj)rcssiorls arc av.~ilal)l(
for convolutions of lo~-nornlal  clistrihution, ~vc Coul(l ]tot easilj’  f i t  tile t’x~j{’lirfl[’llt:ll  data. J\ ’c, tllcrefol  c, Ilsrd a
log norrr)al  clistributior] \vitll l~learl  arlci  variarlce o]ic-qual  tcr o f  ~vt]at \v:is  OI)SI,I Ie(l cxl)r-tir]lcrltaliy  Ivitt]  fo~lr  bf,arl]s.

J1’lier]  t h i s  log-tlorlrlal  distril)utior~  tvas co])volvcd  Lvitli  itself  folll tirlim  I{(I ol)tairlcd tll(’  sl[loottl  c~lrte  stlmvll  irl
Figure  4. I’he  ~llearl  and Val iance ,  of course, are t h e  sarfic  fot ttt(, tu.o c~lr !.(,.s. ‘1’ILc  ilrll)or  tallt tl)ir)g,  t o  ~lotc i s  ttle
strikir)gly similar functir)rlal  fortn  of tile t!vo CLII  Yes.  ‘J’llis  il~dicatm  ttiat tll(,  lL)g,-1101  IIIal distl it)lltioll for  scint i l lat ion
plwlictc(l  t~y tll~’ \v{J:{k-ttlrljtllf’rlcc  rrlo(lcl  of t i l e  atrllosl)llcr(  Iv:i>  irl(lw(l  a  ~(,()(1  (Irl(.  }:r’(~lrl III(,  [x[)(,I  irrl(,rltill  (Iatii  IYc

i-
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3.3. Experimental  results
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Link Range 38000 km

Data rate 1024.0 kbps PPM (M = 2)

T’r.in.rnittcr  (GI~O)

I.~$cr (1.[):830)
Peak power 0.028 W

Average po.+er 0.014 w

Energy per pulse 1348 nJ

Relay Optics
Losses 0.30

I“elescopc  (ICI; on E’I’S-I’1)
Gajn 242E+1O

Transmll  bearnwdlh 30.00 11( .,,1

Ch:lnncl

S[mcc 10ss 3 24E-30

Atruo<phcrc
Transmlsslon O 60

Transm,  ssmn  al zen, th 7000 ‘o

Obsewallon  angle from zer 45.00 degrees

Rcccitcr (“I’hl  I’)

‘1’cIcscope  {-l’NII  -lX-inch)
Gain
Aperlure  dmmelef

Filter loss

Other losses

120.00  Cnl

14.41 d[~nl

-5.23 d[l

10383 dFl

- 29489 d~l

- 2 1 9  dE3

1,84F+13 13264 d V

O 80
0,64

- 0 9 7  da
- 1 . 9 4  rl~

Power received at detector 3.69 nW -54.33 dBm

Required power at detector 0.70 nW -61.55 dBm

Link margin 5.27 7 . 2 2  dB

‘1’at~le  2 .  I,illk }JIIclgct  fo! ‘l’lII’ to I,C;E tl:l[lslllissioll.

r
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4 .  CONCI.USIONS

I’Icdicte(l  and rrleasured  values of t}lc rtlcarl  rccci\c(l  po\vc,I, t)otll 0 1 1  Ii])lillk aII([ dolvrlli[lk,  ap,[(wl  UY1l ([iitl[i[l ~ 3

dIl)  giver]  t)lC’  urlccrtairlty  in t}lf?  opti(al ]Ossf’s of te lescopes  a t  ‘I’\l Ip arid  [II(, ii(’ttli{l ;~trrlcjs~)ll(ric trarlsrllissiori. ~)r~ tll(
u~~lirlti.  tlSLlltS ft’0111 tl~is IJall C1 and past a!lalySi  S Clearly  C(J1lfi IIll ttlat rrltrltll)lc-l)ciirll  uplillk  cari sigrlifi(<lrltly  xedllc(,
sigl)al  fluctuations Callsrd  by scintillation. I’flc  obsclvfxl  I.ariarlct>  of Sigrlzll  fl~ict(r;itiorl  orl  tllc u!)lill!i \vas  lcnv(’1  th;\li
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